Cognition is very important in our daily life. However, amblyopia has abnormal visual cognition. Physiological changes of the brain during processes of cognition could be reflected with ERPs. So the purpose of this study was to investigate the speed and the capacity of resource allocation in visual cognitive processing in orientation discrimination task during monocular and binocular viewing conditions of amblyopia and normal control as well as the corresponding eyes of the two groups with ERPs. We also sought to investigate whether the speed and the capacity of resource allocation in visual cognitive processing vary with target stimuli at different spatial frequencies (3, 6 and 9 cpd) in amblyopia and normal control as well as between the corresponding eyes of the two groups. Fifteen mild to moderate anisometropic amblyopes and ten normal controls were recruited. Three-stimulus oddball paradigms of three different spatial frequency orientation discrimination tasks were used in monocular and binocular conditions in amblyopes and normal controls to elicit event-related potentials (ERPs). Accuracy (ACC), reaction time (RT), the latency of novelty P300 and P3b, and the amplitude of novelty P300 and P3b were measured. Results showed that RT was longer in the amblyopic eye than in both eyes of amblyopia and non-dominant eye in control. Novelty P300 amplitude was largest in the amblyopic eye, followed by the fellow eye, and smallest in both eyes of amblyopia. Novelty P300 amplitude was larger in the amblyopic eye than non-dominant eye and was larger in fellow eye than dominant eye. P3b latency was longer in the amblyopic eye than in the fellow eye, both eyes of amblyopia and non-dominant eye of control. P3b latency was not associated with RT in amblyopia. Neural responses of the amblyopic eye are abnormal at the middle and late stages of cognitive processing, indicating that the amblyopic eye needs to spend more time or integrate more resources to process the same visual task. Fellow eye and both eyes in amblyopia are slightly different from the dominant eye and both eyes in normal control at the middle and late stages of cognitive processing. Meanwhile, abnormal extents of amblyopic eye do not vary with three different spatial frequencies used in our study.
Introduction
Amblyopia is a neural-developmental visual disorder without obvious organic deficits caused by inadequate early visual experience. It is always accompanied by one or more known factors, such as anisometropia (anisometropic amblyopia), strabismus (strabismic amblyopia), high refractive error (refractive error amblyopia), ptosis and cataract (form-deprivation amblyopia) [1, 2] . Anisometropic amblyopia is very common one [2] . The prevalence of amblyopia is approximately 1-3% in humans [3] . Amblyopia is associated with reduced spatiotemporal vision that affects visual acuity [4, 5] , vernier acuity [6] , contrast sensitivity [7] , stereopsis [8] , and abnormal spatial interactions [9] .
Previous psychophysical and neuroimaging studies have suggested that amblyopia not only leads to abnormal responses in the primary and secondary visual areas but also deficits at higher levels of visual pathways [10] . In addition, some studies have observed abnormal neural responses in subjects with amblyopia using electrophysiological techniques [11] [12] [13] [14] . However, the impairments in amblyopia are not completely understood.
Now we could use event-related potentials (ERPs) with high temporal resolution to explore this question because ERPs could reflect the physiological changes of the brain during the processes of cognition such as attention, memory, thinking [15, 16] . P300, a later component of ERPs, is a positive wave recorded between a 300-600 ms time window after stimulus onset. P300 refers to the middle and late stages of cognitive processing that occur prior to the selection and preparation of motor responses and can be used to measure cognitive capability [17, 18] . The reliability of P300 measurements is comparable to clinical assays, and these values can be attained inexpensively [19] . As a result, P300 has been widely used in cognitive studies of various diseases [20] [21] [22] . Because amblyopia presents with visual cognition deficits such as abnormal visual integration [23, 24] and motion perception [25, 26] , we used P300 to investigate the speed and the capacity of resource allocation in cognitive processing of subjects in monocular and binocular conditions of amblyopia and normal control as well as between the corresponding eye of two groups. Explore the associated neural mechanisms through this method. The corresponding eyes of two groups were amblyopic eye and non-dominant eye, fellow eye and dominant eye, or binoculus in amblyopia and binoculus in normal control respectively. P300 can be elicited reliably through an oddball paradigm using a variety of stimuli, such as visual, auditory or sensory stimuli. P300 amplitude and latency, by assessing the processing capacity and speed, are linked to a variety of attentional and memory processes [27] [28] [29] , and these measures have been successfully applied to discriminate abnormal from healthy subjects [30, 31] . Generic P300 consists of two subcomponents, P3a and P3b, which represent distinct but related neural processes. These components can be elicited separately by specific stimuli and task conditions [32] . 'Novel' stimuli as infrequent non-target stimuli can generate novelty P300, a kind of P3a. Novelty P300, related to the orienting response, generally exhibits a frontal scalp distribution, has a relatively short latency, and habituates rapidly. Because novelty P300 is thought to reflect frontal lobe function, its amplitude can indicate attentional orienting with increased amplitude related to greater focal attention [33, 34] .
The P3b component is elicited by target stimuli with maximum amplitude over the parietal cortex [35] . The amplitude of P3b is determined by the allocation of attentional resources due to updated working memory [17, 36] . P3b latency, often independent of response selection and behavioral action [37, 38] , is generally considered to represent the speed of stimulus evaluation and classification [39] and can be used as a measure of stimulus detection and evaluation time [40] . P3a is generated when a demanding stimulus commands frontal lobe attention; P3b is generated when memory updating in the associated cortex requires an allocation of attentional resources [41] .
It remains unknown how visual cognition processing is conducted in monocular and binocular viewing conditions in amblyopia and normal control as well as between the corresponding eyes of two groups at different spatial frequencies. In order to investigate these questions, we explored cognition processing with novelty P300 and P3b using ERPs.
A three-stimulus oddball paradigm (target, novel, and standard stimuli) was used with Gabor patch orientation discrimination tasks with low, medium, and high spatial frequencies (3, 6 and 9 cycle per degree, cpd, respectively) in monocular and binocular conditions. To explore whether the P300 latency is affected by previous components latency, N2 latency is measured and analyzed. If N2 latency is the same in different eye conditions and the corresponding eyes of two groups, it shows that the longer P300 latency does not result from the longer previous components latency or otherwise. The time window was 200-400 ms for N2, 250-550 ms for novelty P300, and 300-600 ms for P3b.
If the decreased ACC, the longer RT the longer latency or larger amplitude of Novelty P300 or P3b in amblyopic eye compared with fellow eye, both eyes of amblyopia or non-dominant eye of normal control, but these parameters are consistent in different eye conditions of normal control. The result may imply that the cognitive process of amblyopic eye is abnormal. In addition, if these parameters of the fellow eye and both eyes of amblyopia are different with their corresponding eyes of normal control, it suggests that the cognitive process is inconsistent between the corresponding eyes of two groups.
Materials and methods Subjects
Anisometropic amblyopes and normal controls were included from the outpatient department of West China Hospital of Sichuan University from July 1st in 2015 to April 31st in 2016. The experiment, a part of "Investigations of Visual Cortex Defects In Strabismus and Amblyopia", was in accordance with the Declaration of Helsinkiand and conducted after obtaining the approval from the institutional review board of West China Hospital of Sichuan [No 2014 (33) , 1-6-2015] . All the parents of children and adult participants gave their informed and written consents to participate in the study before testing began. All subjects were examined by the same ophthalmologist in West China Hospital of Sichuan University. The procedures were as follows. First, the health of outer eye, anterior eye, and fundus were checked. The outer eye and anterior eye were checked with slit lamp (LS-6, Shangbang Medical Instrument. Co., Ltd. Chongqing, China), and fundus with both direct ophthalmoscope (Medtrue Enterprise Co., Ltd. Jiangsu, China) and Spectralis Optical Coherence Tomography (Heidelberg Engineering, Dossenheim, Germany). Then, refraction was tested under cycloplegics to get more accurate outcome. Finally, visual function, such as vision, near stereopsis, was tested under optimal corrections of spectacles. Vision was measured with ETDRS vision chart (Precision Vision, IL, US) with the distance of 4 meters. Amblyopic eye or non-dominant eye was tested firstly with the unused covered, and then the fellow eye or dominant eye was measured with another eye covered, and the both eyes were tested at last in two groups. The measurement was recorded with LogMAR acuity. Near stereopsis was tested with random dot (total 10 levels from 20 to 400 arc sec) at 40 cm (Vision Assessment Corporation, USA) when the subjects wore their best corrected spectacles with the polarized glasses outside.
Inclusion criteria for anisometropic amblyopia were the following: best corrected LogMAR visual acuity of the amblyopic eye (AE) in the range of 0.2 to 0.5, without any ocular organic abnormalities (except for refraction error), and 0 or better in the fellow eye (FE). Inclusion criteria for normal control were the best corrected LogMAR acuity of each eye was 0 or better. The dominant eye was decided with the hole-in-the-card test [42, 43] . All participants were right-handed and without significant physical or mental illnesses. Handedness was assessed with a standard handedness questionnaire [44] .
Visual stimuli and procedures
In the formal tests, the participant sat in a quiet room with soft lighting. All stimuli and the black fixation cross were presented centrally on a gray background with a luminance of 36cd/ m 2 measured with luminance meter. The participant sat in a comfortable position at a distance of 100 cm to the screen. The subject placed his/her chin on a chin rest and viewed the central display horizontally and then performed the orientation discrimination task. Three different images (45 degrees oriented and 135 degrees oriented Gabor patch with 0.5 degrees half Gaussian ramp in the periphery area, and smiling face) were randomly presented at the center of a 26" Dell LCD monitor with 1024×768 pixel resolution, and a refresh rate of 60 Hz. The participants performed an orientation discrimination task (Fig 1) . All Gabor patches were sine-wave gratings with a contrast sensitivity of 98% to ensure the accuracy (ACC) was no less than 80% for all subjects. All stimuli subtended 9 degrees×9 degrees in size at the testing distance of 100 cm in every block. Low, medium and high spatial frequency (3, 6 and 9 cpd) were tested respectively. Each block lasted approximately 6 minutes and included 200 trials, of which 70% were 45 degrees oriented Gabor patch (standard stimuli), 20% were 135 degrees oriented Gabor patch (target stimuli) and 10% were smiling faces (novel stimuli). Each stimulus was presented for 200 ms, and the interval between successive stimuli onsets randomly varied between 1,000 ms and 2,000 ms. A black cross (0.5 degrees×0.5 degrees) was continuously visible at the center of the display during the interval to keep the subjects' eyes fixated. Eye movements were monitored with Eyelink-1000 (SR Research Ltd, Ontario, Canada) in order to confirm the subject fixate the cross during the test. Observers were required to press the Enter key on a keyboard as soon as the target stimulus was presented.
The maximum response duration allowed was 1,000 ms. Each participant took a 5-minute break after one block of the trials. Every participant performed nine blocks (3 spatial frequencies The sequence of stimuli for a given trial was as follows. First, a black "+" was presented for 500 ms on a gray screen, followed by a stimulus for 200 ms. Next, the participant was asked to discriminate the orientation of 135 degrees Gabor patches (target stimuli) by pressing the Enter key as fast and accurately as possible. Subsequently, after stimulus presentation, a gray screen with a central black "+" was randomly presented for 1,000-2,000 ms, followed by a stimulus of 200 ms. ×3 eye conditions). The amblyopic eye (AE) and non-dominant eye (ND) were measured first, followed by the fellow eye (FE) and dominant eye (DE) when the unused eye was completely patched during the test. Finally, both eyes of amblyopia (BA) and control (BC) were tested. Eprime 2.0 software (PsychologySoftware Tools, Inc., Sharpsburg, PA) was used in the tests to present and record data. In the tests, a value of 1 was recorded when the response was identified correctly, and a value of 0 was recorded when a wrong answer was provided. After the test, accuracy (ACC) in percentage would be presented so that the subject knew whether he or she got the accuracy !80%. They had to retest until the accuracy was !80%. The reaction time (RT) from the presentation of the stimulus to when the key was pressed was recorded simultaneously. The participants placed the index finger of the right hand on the Enter key so that they could press it as soon as possible once the target stimuli were presented. Prior to the test, the investigator read the instructions to the participants to make sure they fully understood the experimental requirements. Participants then pressed the Enter key to begin the test. Each participant received a short practice session before the formal test to ensure that he or she understood how to operate the equipment successfully.
Electrophysiological acquisition and processing
The acquisition and processing techniques of ERP were described by Banko [11] . Electroencephalographic (EEG) data were acquired using a BrainAmp MR amplifier system (Brain Products GmbH, Munich, Germany) and an elastic cap (Easycap GmBH, Herrsching-Breitbrunn, Germany) where 64 Ag/AgCI electrodes were mounted according to a modified 10-20 placement system. Meanwhile, one additional periocular electrode above the left eye was used to record the electrooculogram. All scalp resistances of electrodes were maintained below 10 KO. The sample rate was at 1000Hz and the bandpass filtering was 0.5-30Hz. Continuous EEG and behavioral data were simultaneously recorded. The baseline measure was subtracted 200ms from the signal prior to stimulus presentation. Artifacts were rejected and the baseline was corrected with the data in. the 1000ms epochs (-200 to 800 ms relative to stimulus). Data were processed using Brain Vision Analyzer 2.0 (Brain Products GmbH, Munich, Germany) off-line.
The waveforms (N2, novelty P300, and P3b) of each eye condition in two groups (anisometropic amblyopoes and normal controls) were superimposed to generate two types of ERP (target stimuli and novel stimuli) over three midline electrodes (FZ, CZ, PZ).
The amount of accessibly average waveforms was no less than 80% of total number. That is to say, the number of average waveforms in target stimuli is no less than 32 and 16 in novelty stimuli. The N2 components were defined as the largest negative-going peaks occurring within 200-400 ms occurring before Novelty P300 or P3b. The novelty P300 and P3b components were defined as the largest positive-going peaks occurring within 250-550 ms in novelty stimuli and 300-600 ms in target stimuli respectively. The amplitude was recorded as the difference between the mean pre-stimulus baseline and the maximum peak amplitude. The peak latency was measured as the time point corresponding to the maximum amplitude [41] .
The mean latency and amplitude of novelty P300 and P3b and the mean latency of N2 in different stimulus conditions were subjected to statistical analyses.
Statistical analysis
Demographic data analysis. Age between two groups was analyzed with independent sample t test. Analysis was performed with SPSS 20.0 (IBM Inc, Chicago, Illinois, USA), and P values less than 0.05 was considered statistically significant.
Behavioral data analysis. Behavioral data, ACC and RT were analyzed with 3 (eye conditions: amblyopic eye, fellow eye and both eyes in amblyopia group; non-dominant eye, dominant eye and both eyes in normal control group, respectively) × 3 (frequencies: 3, 6 and 9 cpd) univariate repeated measures ANOVA to compare whether the differences existed in different eye conditions and/or spatial frequencies in amblyopic group and normal control group, respectively. In addition, ACC and RT were analyzed with 2 (two groups: amblyopic eye and non-dominant eye, fellow eye and dominant eye, both eyes of amblyopia and both eyes of normal control) × 3 (frequencies: 3, 6 and 9 cpd) univariate repeated measures ANOVA to compare whether the differences existed in the group and/or spatial frequencies between the two groups. Post-hoc t-tests were computed using Tukey honest significant difference (HSD) tests. Analysis was performed with the same SPSS software and P values less than 0.05 was considered statistically significant.
ERP data analysis. Statistical analysis was performed on the averaged ERPs waveforms (N2, novelty P300, and P3b) over midline electrodes of three brain areas (F Z , C Z , P Z ). The average waveforms were generated from the combined data of all relevant subjects. The mean latency and amplitude of novelty P300 and P3b but only the mean latency of N2 for the different stimulus conditions was subjected to the univariate repeated measures ANOVA. The specific methods would be presented in the relevant part. Post-hoc t-tests were computed using Tukey HSD tests. In addition, the latency of N2 between the corresponding eyes of two groups was analyzed with independent sample t test. The relationship between RT and P3b latency was analyzed with the Pearson correlation method. Analyses were performed with the same SPSS software and P values less than 0.05 was considered statistically significant.
Results

Demographic results
Fifteen anisometropic amblyopes (mean age ± SD: 18.3±3.6 years) and ten normal controls (mean age ± SD: 17.7±3.9 years) were recruited. There was no significant difference between two groups (t 23 = 0.374, P>0.05). The clinical information is showed in Table 1 .
Behavioral results
The ACC and RT of the anisometropic amblyopia and normal control at three spatial frequencies tasks are shown in Table 2 .
In anisometropic amblyopes and normal controls, a 3 (eye conditions: amblyopic eye, fellow eye and both eyes in amblyopia; non-dominant eye, dominant eye and both eyes in normal control group, respectively) × 3 (frequencies: 3, 6 and 9 cpd) univariate repeated measures ANOVA was conducted for ACC and RT. Compared with the corresponding eyes of two groups, a 2 (two groups: amblyopic eye and non-dominant eye, fellow eye and dominant eye, both eyes of amblyopia and both eyes of normal control)× 3 (frequencies: 3, 6 and 9 cpd) univariate repeated measures ANOVA was conducted for ACC and RT.
In anisometropic amblyopes, ANOVA of ACC revealed that the main effects of eye and frequency were not significant (F (2, 126) = 0.84, P>0.05; F (2, 126) = 0.02, P>0.05). The interaction between eye condition and frequency was also not significant (F (4, 126) = 0.63, P>0.05). The ANOVA of RT showed a significant main effect of eye condition (F (2, 126) = 5.73, P<0.01, η 2 = 0.08). Multiple comparison tests using the Tukey HSD method showed that RT was longer in the amblyopic eye (360.81±6.91 ms) when compared with both eyes (346.08±6.91 ms), but there was no significant difference between the fellow eye (327.78±6.91 ms) and amblyopic eye/both eyes (Fig 2A) . The main effect of frequency was not significant (F (2, 126) = 1.73, P>0.05), and the interaction between eye condition and frequency was also not significant (F (4, 126) = 0.36, P>0.05). In normal controls, ANOVA of ACC revealed that the main effects of eye and frequency were not significant (F (2, 81) = 0.18, P>0.05; F (2, 81) = 0.47, P>0.05, respectively). The interaction between eye condition and frequency was also not significant (F (4, 81) = 0.56, P>0.05). The ANOVA of RT showed that the main effects of eye and frequency were not significant (F (2, 81) = 0.01, P>0.05; F (2, 81) = 1.43, P>0.05, respectively). The interaction between eye condition and frequency was also not significant (F (4, 81) = 0.07, P>0.05).
The ANOVA of ACC of amblyopic eye and non-dominant eye revealed that the main effects of group and frequency were not significant (F (1, 69) The ANOVA of ACC in binoculus between the amblyopia and normal control revealed that the main effects of group and frequency were not significant (F (1, 69) 
ERP analysis
The latency of N2 (200-400 ms) and the latency and amplitude of novelty P300 (250-550 ms) and P3b (300-600 ms) were analyzed over the frontal, central and parietal midline electrodes (F Z , C Z , P Z ). The grand average ERP waveforms and P300 topographic distributions of novelty and target stimuli from the amblyopes and normal controls in the different eye conditions are represented in Fig 3A and 3B and Fig 3C and 3D , respectively. The grand average ERP waveforms and P300 topographic distributions of novelty and target stimuli from the amblyopic eyes and non-dominant eyes, fellow eyes and dominant eyes and binoculus of two groups were represented in Fig 3E and 3F, Fig 3G and 3H and Fig 3I and 3J, respectively. N2 latency for novel stimuli. In anisometropic amblyopia group and normal control group, we conducted a one-way ANOVA (eye conditions: amblyopic eye, fellow eye and both eyes in amblyopia group; non-dominant eye, dominant eye and both eyes in normal control group, respectively) of N2 latency for novel stimuli. The results showed that N2 latency was not significantly different among the three different viewing conditions in each group (F (2, Novelty P300 latency and amplitude. In anisometropia group, novelty P300 latency and amplitude were subjected to a 3 (eye conditions: amblyopic eye, fellow eye and both eyes) × 3 (brain regions: frontal, central and parietal lobe) ANOVA for novel stimuli. The analysis of novelty P300 latency indicated that the main effects of eye condition and brain region were not significant (F (2,396) = 1.92, P>0.05; F (2,396) = 1.10, P>0.05). The interaction between eye condition and brain region was also not significant (F (4,396) = 0.28, P>0.05). Analysis of the novelty P300 amplitude showed a significant main effect of eye condition (F (2,396) = 24.13., P<0.001, η 2 = 0.11). Multiple comparison tests using the Tukey HSD method showed that the amplitude was highest in the amblyopic eye (7.02±0.39 μV), followed by the fellow eye (5.29 ±0.39 μV), and was smallest in both eyes (3.19±0.39 μV) (Fig 4A) . The main effect of brain region was significant (F (2,396) = 13.35, P<0.001, η 2 = 0.06). Multiple comparison tests using the Tukey HSD method showed that the amplitude over the central (5.85±0.39 μV) and parietal lobes (6.13±0.39 μV) was larger than the frontal area (3.53±0.39 μV) (Fig 4B) . The interaction between eye condition and brain region was significant (F (4,396) = 3.97, P<0.01, η 2 = 0.04).
Simple-effects analysis showed that the difference in amplitude among the three eye conditions was statistically significant over the frontal, central and parietal lobes. The novelty P300 amplitude in the amblyopic eye (4.17±0.64 μV) and fellow eye (5.00±0.64 μV) were larger than in the binocular condition (1.41±0.64 μV) over the frontal lobe (Fig 4C) . Over the central lobe, the novelty P300 amplitude in the amblyopic eye (9.05±0.63 μV) was largest, followed by the fellow eye (5.34±0.63 μV), and was smallest in the binocular condition (3.16±0.63 μV) ( Fig  4D) . Over the parietal region, the amplitude of novelty P300 was larger in the amblyopic eye (7.84±0.75 μV) compared with both eyes (5.00±0.75 μV) (Fig 4E) . There was no significant difference between fellow eye (5.54±0.75 μV) and amblyopic eye/both eyes. In normal control group, novelty P300 latency and amplitude were subjected to a 3 (eye conditions: non-dominant eye, dominant eye and both eyes) × 3 (brain regions: frontal, central and parietal lobe) ANOVA for novel stimuli. The analysis of novelty P300 latency indicated that the main effects of eye condition and brain region were not significant (F (2,261) = 0.21, P>0.05; F (2,261) = 0.09, P>0.05). The interaction between eye condition and brain region was also not significant (F (4,261) = 0.04, P>0.05). Analysis of the novelty P300 amplitude showed a significant main effect of brain region was significant (F (2,261) = 20.90, P<0.001, η 2 = 0.14).
Multiple comparison tests using the Tukey HSD method showed that the amplitude over the central (5.56±0.57 μV) and parietal lobes (6.47±0.57 μv) was larger than the frontal area (1.54 ±0.57 μV) (Fig 5) . The main effect of eye condition and the interaction between eye condition and brain region were not significant (F (2,261) = 2.45, P>0.05; F (4,261) = 1.10, P>0.05).
In amblyopic eye and non-dominant eye, novelty P300 latency and amplitude were subjected to a 2 (two groups: amblyopic eye and non-dominant eye) × 3 (brain regions: frontal, central and parietal lobe) ANOVA for novel stimuli. The analysis of novelty P300 latency indicated that the main effects of group and brain region were not significant (F (1,219) = 0.08, P>0.05; F (2,219) = 0.01, P>0.05). The interaction between group and brain region was also not significant (F (2,219) = 0.02, P>0.05). Analysis of the novelty P300 amplitude showed a significant main effect of group (F (1,219) = 4.77, P<0.05, η 2 = 0.02). Multiple comparison tests using the Tukey HSD method showed that the amplitude was higher in the amblyopic eye (7.02 ±0.43 μV) than non-dominant eye (5.53±0.53 μV) (Fig 6A) . Analysis of the novelty P300 amplitude showed a significant main effect of brain region was significant (F (2,219) = 26.87, P<0.001, η 2 = 0.20). Multiple comparison tests using the Tukey HSD method showed that the amplitude over the central (7.94±0.59 μV) and parietal lobes (8.15±0.59 μv) was larger than the frontal area (2.73±0.59 μV) (Fig 6B) . The interaction between group and brain region was not significant (F (2,219) = 2.46, P>0.05).
In fellow eye and dominant eye, novelty P300 latency and amplitude were subjected to a 2 (two groups: fellow eye and dominant eye) × 3 (brain regions: frontal, central and parietal lobe) ANOVA for novel stimuli. The analysis of novelty P300 latency indicated that the main effects of group and brain region were not significant (F (1,219) = 3.45, P>0.05; F (2,219) = 0.12, P>0.05). The interaction between group and brain region was also not significant (F (2,219) = 0.31, P>0.05). Analysis of the novelty P300 amplitude showed a significant main effect of group (F (1,219) = 4.63, P<0.05, η2 = 0.02). Multiple comparison tests using the Tukey HSD method showed that the amplitude was higher in the fellow eye (5.29±0.44 μV) than dominant eye (3.79±0.54 μV) (Fig 7) . Analysis of the novelty P300 amplitude showed a significant main effect of brain region was significant (F (2,219) = 3.95, P<0.05, η2 = 0.04). However, multiple comparison tests using the Tukey HSD method showed that the amplitude was no significant difference between any two lobes. The interaction between group and brain region was not significant (F (2,219) = 2.46, P>0.05).
In binoculus in amblyopia and binoculus in normal control, novelty P300 latency and amplitude were subjected to a 2 (two groups: binoculus in amblyopia and binoculus in normal control) × 3 (brain regions: frontal, central and parietal lobe) ANOVA for novel stimuli. The analysis of novelty P300 latency indicated that the main effects of group and brain region were not significant (F (1,219) = 1.75, P>0.05; F (2,219) = 0.05, P>0.05). The interaction between group and brain region was also not significant (F (2,219) = 0.81, P>0.05). Analysis of the novelty P300 amplitude showed a significant main effect of brain region was significant (F (2,219) = 12.28, P<0.001, η 2 = 0.10). Multiple comparison tests using the Tukey HSD method showed that the amplitude over the central (3.98±0.54 μV) and parietal lobes (5.47±0.54 μv) was larger than the frontal area (1.72±0.54 μV) (Fig 8) . The main effect of group and the interaction between group and brain region was not significant (F (1, Cognitive processing in anisometropic amblyopia N2 latency for target stimuli. Moreover, we conducted a one-way ANOVA (eye conditions: amblyopic eye, fellow eye and both eyes in amblyopia group; non-dominant eye, dominant eye and both eyes in normal control group, respectively) of N2 latency for target stimuli in amblyopes. The results showed that N2 latency was not significantly different between the three different viewing conditions in each group (F( 2,378) = 1.75, P>0.05; F( 2,243) = 0.24, P>0.05). When compared with the corresponding eyes of two groups (amblyopic eye and non-dominant eye, fellow eye and dominant eye, binoculus in amblyopia and binoculus in normal control), we conducted independent sample t test of N2 latency for target stimuli. The results showed that N2 latency was not significantly different between the corresponding eyes of two groups (t 207 = 0.06, P>0.05; t 207 = 1.06, P>0.05; t 219 = 0.30, P>0.05y).
P3b latency and amplitude. In amblyopic group, we conducted a 3 (eye conditions: amblyopic eye, fellow eye and both eyes) × 3 (frequencies: 3, 6 and 9 cpd) × 3 (brain regions: frontal, central and parietal lobe) ANOVA of latency and amplitude for P3b in target stimuli. Analysis of P3b latency showed a significant main effect of eye condition (F (2,378) = 89.85, P<0.001, η 2 = 0.32). Multiple comparison tests using the Tukey HSD method showed that the latency in the amblyopic eye (566.33±3.51 ms) was longer than that in the fellow eye (514.79 ±3.51 ms) and both eyes (504.00±3.51 ms), and there was no difference between the fellow eye and both eyes (Fig 9A) . The main effect of frequency was not significant (F (2,378) = 0.67, P>0.05), while the main effect of brain region was significant (F (2,378) = 9.37, P<0.001, η 2 = In amblyopic eye and non-dominant eye, we conducted a 2 (two groups: amblyopic eye and non-dominant eye) × 3 (frequencies: 3, 6 and 9 cpd) × 3 (brain regions: frontal, central and parietal lobe) ANOVA of latency and amplitude for P3b in target stimuli. Analysis of P3b latency showed a significant main effect of group (F (1, 207 In fellow eye and dominant eye, we conducted a 2 (two groups: fellow eye and dominant eye) × 3 (frequencies: 3, 6 and 9 cpd) × 3 (brain regions: frontal, central and parietal lobe) ANOVA of latency and amplitude for P3b in target stimuli. Analysis of P3b latency showed a significant main effect of brain region (F (2,207) = 10.36, P<0.001, η 2 = 0.09). Multiple comparison tests using the Tukey HSD method showed that a longer latency occurred over the frontal (Fig 12B) .The main effect of brain region was also significant (F (2,207) = 8.26, P< 0.001, η 2 = 0.07). Multiple comparison tests using the Tukey HSD method showed that the amplitude over the central lobe (5.84±0.53 μV) was higher than in the frontal lobe (2.80± 0.53 μV) and there was no difference between parietal regions (4.49±0.53 μV) and frontal/central lobe (Fig 12C) . The main effect of frequency was not significant (F (2,207) = 2.86, P>0.05).
The interactions between group and frequency, between group and brain region, and between frequency and brain region were also not significant (F (2, 207) In binoculus in amblyopia and binoculus in normal control, we conducted a 2 (two groups: binoculus in amblyopia and binoculus in normal control) × 3 (frequencies: 3, 6 and 9 cpd) × 3 (brain regions: frontal, central and parietal lobe) ANOVA of latency and amplitude for P3b in target stimuli. Analysis of P3b latency showed the main effect of brain region was significant (F (2,207) = 4.98, P<0.01, η 2 = 0.05). Multiple comparison tests using the Tukey HSD method showed that a longer latency occurred over the central lobe (518.31±5.82 ms) compared with that over the parietal lobe (492.57±5.82 ms) and there was no difference between frontal lobe (508.29±5.82 ms) and central/parietal lobe (Fig 13A) . The interaction between group and brain region was significant (F (2,207) = 7.97, P<0.001, η 2 = 0.07). Simple-effects analysis showed that the difference in latency among the two groups was statistically significant over the frontal and parietal lobes. The P3b latency was shorter in the binoculus in amblyopia (490.25±8.04 ms) than that in normal control (526.33±9.85 ms) over the frontal lobe (Fig 13B) . Over the central lobe, there was no difference between two groups (t 69 = 0.71, P>0.05). Over the parietal region, the P3b latency was longer in the binoculus in amblyopia (507.27±8.06 ms) compared with binoculus in normal control (477.87±9.87 ms) (Fig 13C) . The main effects of group and comparison tests using the Tukey HSD method showed that the amplitude over the central lobe (4.97±0.46 μV) and parietal lobe (4.53±0.46 μV) was higher than in the frontal lobe (2.00 ±0.46 μV) (Fig 13D) . The main effects of group and frequency were not significant (F ( The results further revealed that RT and P3b latency in the amblyopic eye were longer than those in both eyes of amblyopia. The P3b amplitude was highest over the central and parietal regions. Therefore, the relationship between RT and P3b latency over the central and parietal regions was analyzed with the Pearson correlation method. However, there were no correlations between RT and P3b latency over the central and parietal regions (r = -0.06, P>0.05; r = 0.01, P>0.05).
We found that RT in amblyopic eye was longer than the binoculus in amblyopia and nondominant eye of control. However, ACC was no significant difference in monocular eye and binocular eyes in amblyopia and normal control as well as the corresponding eyes between two groups. The novelty P300 amplitude was largest in amblyopic eye, followed by fellow eye, and smallest in binoculus in amblyopia. Besides, the novelty P300 amplitude in amblyopic and fellow eye was larger than binoculus in amblyopia over frontal lobe. Over central lobe, novelty P300 amplitude in amblyopic eye was largest, followed by fellow eye, and smallest in binoculus in amblyopia. Over parietal lobe, novelty P300 amplitude in amblyopic eye was larger than binoculus in amblyopia. Novelty P300 amplitude in amblyopic eye was larger than non-dominant eye. Novelty P300 amplitude in fellow eye was larger than dominant eye. The P3b latency was longer in amblyopic eye than fellow eye, binoculus in amblyopia and non-dominant eye of normal control. In addition, the ACC, RT, the latency and amplitude of novelty P300 and P3b were no differences in different eye conditions of normal controls.
Discussion
The aim of this study was to investigate the processing of visual information about novelty stimuli and target stimuli in during monocular and binocular viewing conditions of amblyopia and normal control as well as the corresponding eyes of the two groups at different spatial frequencies.
Even though ACC, RT, and the latency and amplitude of novelty P300 and P3b showed no significant differences at different spatial frequencies in different eye conditions in amblyopia, normal control and the corresponding eyes of the two groups. However, we found that amblyopic eyes had longer RT, a longer latency of P3b and a larger amplitude of novelty P300 than binoculus in amblyopia and non-dominant eye of control. However, RT and P3b latencies over the central and parietal regions are independent. The largest P300 amplitude of novel stimuli was shown in the amblyopic eye, followed by the fellow eye and smallest in the binoculus of amblyopia. We could not find the effect of spatial frequencies in different eye conditions in amblyopia group and normal control group as well as the correspondings eye of the two groups. This may be that the spatial frequencies were 3,6 and 9cpd which all belonged to the medium frequencies. A range of frequencies, such as lower and higher one, would be considered to investigate the effect of different spatial frequencies on amblyopia in future study.
The behavioral experiments showed that the amblyopic eye took more time to respond when compared with both eyes of amblyopia and non-dominant eye of control. Although the fellow eye showed a markedly shortened RT compared with the amblyopic eye, no significant difference was found between them. This outcome is slightly different from that described in a previous study by Körtvélyes, Bankó [45] , in which decreased ACC and longer RT in a gender categorization task were observed in the amblyopic eye when compared to the fellow eye and both eyes of amblyopia. This inconsistency may be due to amblyopic types, vision in the amblyopic eye, stimulus and task requirements. Bankó included patients with anisometropic and strabismic amblyopia, while we recruited only those with anisometropic amblyopia, allowing for the different mechanism of impairment in the two types of amblyopia [11, 46] . RT in different eye conditions is comparable in normal controls and this result may show that longer RT in amblyopic eye is not due to monocular condition when compared with binocular condition in amblyopia. There was no difference in ACC for different frequencies and eye conditions in anisometropic amblyopes and normal controls as well as the corresponding eyes. One possible explanation for this finding might be that the amblyopic eyes recruited even had 0.5 logMAR acuity or better vision, so that each eye in amblyopia and normal control could be qualified for the orientation discrimination tasks at these three spatial frequencies in our study. Larger samples and a range of spatial frequencies are needed to further address this hypothesis in future studies.
Some researchers have proposed that P3a is correlated with the selection of stimulus information regulated by attentional orienting [28, 29] , which reflects the shift of previous attentional focus to attentional processes toward the infrequent stimulus [47] . Our study found no difference in novelty P300 latency in three eye conditions in amblyopia and normal control as well as the corresponding eyes of the two groups, which may have been because the speed of selecting stimulus information was comparable in different eye conditions in amblyopia and normal control as well as the corresponding eyes of the two groups.
Novelty P300 is a kind of P3a, the amplitude of which is determined by the amount of focal attention [48] . Increased perceptual discrimination difficulty between the target and standard stimuli can increase P3a amplitude. P3a also could be elicited by infrequent disruption of target/standard discrimination task regardless of whether the distracting stimuli was novel or not, when the sufficient target/standard discrimination was difficult. The reason may be that the engaged distracter processing was stronger for the harder tasks, so P3a amplitude was enhanced by increasing focal attention constraining resource allocation operations [49, 50] . We found that novelty P300 amplitude was largest in the amblyopic eye, followed by the fellow eye, and smallest in the binoculus of amblyopia. Although the difference in the three eye conditions showed some discrepancy in different brain regions, all results were consistent in that the amplitude of novelty P300 in the amblyopic eye was larger than that in the binoculus of amblyopia but there was no difference in three eye conditions of normal controls. We also found that novelty P300 amplitude was larger in the amblyopic eye than non-dominant eye. These results might be because the task is more difficult for the amblyopic eye, so it needs to integrate more focal attention to select the stimuli information. Furthermore, binoculus in amblyopia need less attentional resources to process visual information than the fellow eye but the attentional resources are equal different eye conditions in normal controls. It may imply that the fellow eye also needs more attentional resources to process visual information than both eyes. Previous studies have found that the fellow eye in amblyopia also suffers perceptual deficits [51, 52] . The difficulty of discrimination tasks in simultaneous binocular input condition in amblyopia was reduced due to facilitating effect so it is not necessary to integrate more attention to select stimuli information in this condition. We propose that the amblyopic eye facilitates the cognitive processing of the fellow eye instead of being suppressed in the binocular viewing condition. This may be because many anisometropic amblyopes retain some stereopsis [8] . Generally, worse visual acuity is associated with worse stereoacuity in anisometropic amblyopes. The amblyopic eyes we recruited had 0.5 logMAR acuity or better acuity, and all anisometropic amblyopes passed the Randot circle test. Indeed, this may be the reason why the amblyopic eye was not completely suppressed in a binocular viewing condition. Meanwhile, the novelty P300 amplitude is larger in fellow eye than that in dominant eye. This may imply that the same discrimination task is more difficult for the fellow eye, so it needs to integrate more focal attention to select the stimuli information even though the acuity between the corresponding eyes of two groups is comparative. The result also suggests that the fellow eye in amblyopia suffers perceptual deficits as discussed before. The latency and amplitude of novelty P300 were not different in different eye condition of normal control and the binoculus between the two groups. These results indicate that each eye condition in normal control group and binocular viewing condition between two groups have the equivalent speed and capacity to process novel stimuli. Novelty P300 amplitude is larger over the central and parietal region than the frontal region. In contrast to previous findings, however, we could not detect the frontal maximum. The reason for this is not clear but it may have something to do with the orientation task. Many studies have shown that posterior brain regions are more sensitive to orientation [53] [54] [55] . Additional studies are needed to confirm whether the sensitivity of orientation perception over different brain regions affects the amplitude distribution of novelty P300.
P3b is thought to reflect neuronal activity associated with revision of the working memory within the stimulus environment [17, 56] . P3b amplitude and latency, linked to various attentional and memory processes, are measures of processing capacity and speed [27, 29] . P3b latency represents the speed of stimuli evaluation and classification and varies with individual differences in cognitive capability [48] . We found that P3b latency was longer in the amblyopic eye than in the fellow eye, binoculus in amblyopia and non-dominant eye of control. The reason for this finding may be that the amblyopic eye has abnormal cognitive capability, so that it must spend more time in evaluating and classifying stimuli in the same discrimination task. P3b amplitude is related to the amount of attentional resources allocated to a stimulus [57, 58] . However, we did not find that P3b amplitude was different among three viewing conditions of amblyopia and normal control. It is possible that the amblyopic eye has a compensated ability that relies on spending more time in allocating comparative attention resources to complete the same tasks. We found that P3b amplitude in fellow eye was larger than dominant eye. It may indicate that fellow eye needs to allocate more attentional resources to the same difficult discrimination task. Even though P3b latency was not different between the binoculus of two groups, the differences existed over the frontal and parietal area. It is very interesting that shorter latency is in the binoculus of amblyopia over the frontal area but opposite over the parietal area. According to previous studies, the maximum amplitude of P3b is over the parietal area [35] . Longer P3b latency in binoculus of amblyopia may imply that the binoculus in amblyopia is slower to process the target stimuli but the shorter latency over the frontal area may be a kind of compensated mechanism. The different eye conditions of normal control are comparable to deal with the target stimuli so that there were no differences in latency and amplitude of P3b. Our research showed that the amplitude over the central and/or the parietal lobes was larger than that in the frontal area, which is consistent with previous studies [41, 48] .
The outcomes between novelty P300 and P3b were inconsistent in our study, the reason for this may be that these factors are governed by different mechanisms [59, 60] . P3b, having a stronger parietal contribution, reflects target detection in a bottom-up mechanism, while P3a, having a stronger frontal contribution, reflects target detection in a top-down mechanism.
Our study did not find that the extent of neural responses to the visual information of different spatial frequencies from the amblyopia and normal controls were different during monocular and binocular viewing conditions as well as the corresponding eyes of two groups. However, the amblyopic eye showed slower speed for evaluation and classification in comparison to binoculus in amblyopia and non-dominant eye of normal control. One possible explanation for this finding might be that the amblyopic eye has a slower speed of processing for information in whole spatial frequencies used in the study.
The latency of N2 in novel stimuli and target stimuli showed no significant difference in different eye conditions in amblyopia and normal control as well as the corresponding eyes of two groups. This result indicates that the longer latency of P3b in the amblyopic eye was not due to prolonged latency of the previous component.
We found that there was no correlation between RT and P3b latency over the parietal and central regions. Thus, P300 latency is independent on behavioral RT, and this result is similar to those reported in previous studies [38, 56, 61] . This finding might be because P300 latency is considered as a measure of stimulus classification speed which is independent of response selection processes and as an index of the processing time required before response generation. These advantages make it a valuable tool to assess cognitive function [62] .
Some studies have indicated that P3b latency in Cz and /or Pz is related to the dopamine level [63, 64] . Stanzione, Fattapposta (64] found that P3b latency of Parkinson's patients increased before therapy and recovered during dopaminergic monotherapy, while that of healthy subjects with the same therapy did not decrease. This result may show a possible dopaminergic component of P3b origin. Indeed, treatment with levodopa/carbidopa can improve and maintain the visual acuity of amblyopic patients [65, 66] . Further studies are needed to confirm whether levodopa/carbidopa therapy in patients with amblyopia can also shorten the latency of P3b. Perhaps this approach may be used to evaluate the efficacy of levodopa/carbidopa on amblyopes once this hypothesis is confirmed.
Seppänen, Pesonen [67] proposed that shortened P3b latency was presented after auditory perceptual learning. These authors considered that short-term P3b plasticity could be enhanced depending on music training-induced changes in attentional skills. A good deal of evidence suggests that visual perceptual learning is a promising way to alter the neural balance in amblyopes by increasing the signal, reducing noise, or modulating attention beyond the critical period of visual development [68, 69] . However, it remains unknown whether visual perceptual learning would also shorten the P3b latency in amblyopia. Hence, further studies are necessary to investigate this hypothesis; if confirmed, this method may be used to investigate the mechanism of perceptual learning in amblyopia.
In future study, other discrimination tasks will be used that may be important to decipher what mechanisms/functions are affected in amblyopoia. Meanwhile, it is worth investigating whether neural process is different between subjects with right and left amblyopic eye in the next study.
Limitation
Some limitations should be considered in interpreting our findings. First, the sample size was small, and larger sample studies are needed to confirm our hypothesis. Second, the study population was limited to anisometropic amblyopia, so future studies need to be extended to other types of amblyopia, such as strabismic amblyopia, to investigate and compare their neural mechanisms. Finally, we cannot avoid some unmeasured and unknown confounders that may have affected the results.
Conclusion
In conclusion, our findings suggest that the amblyopic eye and fellow eye are abnormal at the middle and late stages of cognitive processing, reflected by the longer latency of P3b components as well as larger amplitude of novelty P300 and P3b. This result implies the abnormality of cognitive capacity in the amblyopic and fellow eye. In addition, our results show that cognitive abnormality does not vary with different spatial frequencies for mild to moderate anisometropic amblyopes. However, the facilitation is generated to simplify cognitive processing in anisometropic amblyopes during binocular information input, indicating that the amblyopic eye promotes the cognitive processing of the fellow eye instead of being completely suppressed. The cognitive processing of orientation discrimination task is comparable in different eye conditions of normal control at different spatial frequencies. 
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